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The  ,-unsaturated  carbonyl  compound  (4S)-(+)-carvone  was  selectively  reduced  to  (1R,2R,4S)-iso-
dihydrocarveol  using  baker’s  yeasts.  The  conversion  of the  bioreduction  reaction  was  monitored  using
a  green  hollow-ﬁber  liquid–liquid–liquid  microextraction  (HF-LLLME)  technique.  Several  parameters
which  may  affect  the  bioreduction  of  (4S)-(+)-carvone,  such  as temperature,  time,  substrate/enzyme
ratio,  pH  and  buffer  concentration,  were  evaluated.  The  effect  of  some  additives,  such  as  trehalose,  DMSOeywords:
4S)-(+)-Carvone
accharomyces cerevisiae
ollow-ﬁber liquid–liquid–liquid
and the  ionic  liquid  [BMIm][PF6], was  also  studied.  The  (1R,2R,4S)-iso-dihydrocarveol  was  recovered
with  52.7%  conversion  and  diastereoisomeric  excess  >99%  after  48 h  of  reaction  at  40 ◦C in  an aqueous
monophasic  system,  with  0.1  mol  L−1 buffer  concentration  (pH  7.5)  and  a  substrate/yeast  cell  mass  ratio
of  8.0  mg  g−1.  The  HF-LLLME  microextraction  technique  allowed  the optimization  of the  reaction  with  a
 relaicroextraction
ioreduction
reduction  of  over  99.5%  in
. Introduction
Biocatalytic reactions catalyzed by enzymes and microorgan-
sms are employed extensively in organic synthesis primarily due
o their high selectivity (chemo-, region-, and stereo-selectivity),
ild reaction conditions (room pressure and temperature),
nd the relatively small number of steps involved, avoiding
rotection/deprotection steps. Furthermore, the reduction of envi-
onmental impacts and low byproduct formation make the use of
iocatalytic reactions a powerful tool which is gaining increasing
mportance in biotechnology and green chemistry [1–4]. Whole
ells, rather than isolated enzymes, are used preferentially in
iocatalysis not only to avoid enzyme puriﬁcation, but because
hey also do not need cofactor addition since the cells con-
ain all of the cofactors and metabolic pathways required for
heir regeneration [5–7]. Baker’s yeast Saccharomyces cerevisiae is
∗ Corresponding author. Tel.: +55 48 37216844; fax: +55 48 37216850.
E-mail address: maria.nascimento@ufsc.br (M.d.G. Nascimento).
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ttp://dx.doi.org/10.1016/j.procbio.2013.05.010
Open access under CC BY license.tion  to the  use  of organic  solvents.
© 2013  The  Authors..  Published  by  Elsevier  Ltd.  
the most widely used cell for asymmetric reduction of ketones,
-ketoesters, imines and ,-unsaturated systems with C C acti-
vated by strongly polarized groups, such as nitro, carbonyl or
hydroxyl groups. These yeast cells are easily available, inexpen-
sive and have high capacity as a redox biocatalyst in various
stereoselective reductions [8–11]. The monoterpenes such as (4R)-
(−)- and (4S)-(+)-carvone, which are ,-unsaturated carbonyl
compounds, have been previously biotransformed using various
cell types including bacteria, fungi, yeasts, plant cells and marine
microalgae [12–15]. Available data reported in the literature indi-
cated that the biological reduction of these compounds, in many
cases, gives a mixture of saturated ketones, dihydrocarvones,
saturated alcohols, dihydrocarveols, and more rarely the allylic
alcohol, carveols, thus indicating that several enzymes may cat-
alyze the reduction of C C and C O double bonds competitively
[12,14,15].
Aqueous solutions are the conventional media used for bio-
catalytic reactions, as the natural environmental conditions favor
the catalytic activity of the yeast cells [9,16,17]. However, mon-
itoring the chemical reaction can generate signiﬁcant residuals.
For each aliquot or reaction to be analyzed many milliliters of a
proper organic solvent are generally used, making the classical
Open access under CC BY license.liquid–liquid extraction (LLE) methods laborious, slow and time
consuming for the analyst. Furthermore, high purity solvents are
required to avoid subsequent interference during analysis, rais-
ing the operational costs. To minimize these problems, modern
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echniques of microextraction, among them those ones based on
iquid–liquid–liquid microextraction (LLLME) with a porous hollow
ber (HF) polypropylene membrane as an inert support for the sol-
ent extractor, have been used [18,19]. The main advantage of this
ethod is the reduced volume of organic solvent employed in each
xtraction, usually not more 10 L per centimeter of the membrane
egment. Also, due to the low extraction capacity, the presence of
he membrane in the reaction medium does not affect its equi-
ibrium, allowing multiple extractions directly on the main vessel,
ithout the need to draw aliquots. Furthermore, the low amount
f residue generated, less risk of contamination due to a lower level
f handling and the possibility of automation, are certainly positive
spects of microextraction methods [20].
In this study, some experimental conditions were evaluated
n order to obtain in good conversions and excellent d.e. values
f the (1R,2R,4S)-iso-dihydrocarveol via baker’s yeast-mediated
eduction of (4S)-(+)-carvone in an aqueous monophasic system.
 green method for monitoring the reaction conversion based on
 liquid–liquid–liquid microextraction with porous hollow ﬁber
olypropylene membranes (HF-LLLME) is also reported.
. Materials and methods
.1. Materials
.1.1. Yeasts
Six S. cerevisiae yeast strains were used in their “active-dry-yeast” form; four
eing commercial baker’s yeast (BY) of the types Fleischmann (AB Brasil Industria
 Comércio de Alimentos Ltda. – Brazil), Dona Benta (Pak Gida Uretim ve Pazarlam
.S. – Turkey), Nordeste (Moinho do Nordeste S.A. – Brazil) and Brugguemann (Algist
ruggeman NV – Belgium), and two  industrial yeast strains (CAT-1 and PE-2) which
re currently being used for efﬁcient ethanol production in Brazil [21]. These two
ndustrial fuel ethanol yeasts have been commercially available since the late 1990s,
istributed initially by Lallemand Inc. based in Canada, and more recently by LNF
atino Americana Ltda. based in Brazil. The pellets of dehydrated yeast cells were
irectly used in the reduction reactions as will be described below.
.1.2. Chemicals
The following chemicals were used as received. (4S)-(+)-Carvone (98%), (+)-
ihydrocarveol [n-, ∼75%, iso-, ∼6%, neo-, ∼3% and neoiso-, ∼13%], and trehalose
ere purchased from Sigma–Aldrich; potassium phosphate buffer and boric acid
rom Vetec; n-hexane and toluene from F. Maia; citric acid from Acros; sodium
ydroxide and DMSO from Grupo Química; hydrochloric acid from Carlo Erba;
etallic zinc from Riedel-De Haen AG; 1-butyl-3-methyl imidazolium hexaﬂuo-
phosphate [BMIm][PF6] (≥96%) from Fluka; deuterium chloroform (99.8%) from
ambridge Isotope Laboratories; and a Q 3/2 accurel polypropylene hollow-ﬁber
embrane, 600 m inner diameter, 200 m wall thickness and 0.2 m pore size
rom Membrane GmbH.
.2. Analyses
Proton nuclear magnetic resonance (1H NMR) 400 MHz  was  recorded on a Varian
c 400F spectrometer using TMS  as an internal standard. Gas chromatography (GC)
nalyses were carried out with an Agilent 78202A GC-instrument equipped with a
hiral column Beta DexTM 110 30 m × 0.25 mm × 0.25 m ﬁlm thickness (Supelco),
here hydrogen was used as the carrier gas at a ﬂow rate of 2.6 mL  min−1. The tem-
eratures of the injector and detector were 230 ◦C. A column was  set to temperature
amps of 90–135 ◦C (10 ◦C/min), 135–140 ◦C (2 ◦C/min) and 140–220 ◦C (10 ◦C/min).
as chromatography–mass spectrometry (GC–MS) was  performed on a Shimadzu
C–MS QP2010 2010 Plus, equipped with a fused silica capillary column Rtx®-5MS
0  m × 0.25 mm × 0.25 m (Restek, Bellefonte, PA, USA), where ultra pure helium
as  used as the carrier gas at a ﬂow rate of 1 mL  min−1. The oven temperature pro-
ram and the injector temperature were the same as previously described for GC,
xcept for the injector and detector temperature, which was  280 ◦C. The quadrupole
ass detector was operated at 260 ◦C in the electron impact (EI) ion source mode at
0 eV (negative mode). The ion source temperature was  set at 200 ◦C and the trans-
er line was  set at 250 ◦C. The mass acquisition range was  40–400, m/z. The peaks
ere identiﬁed on the basis of their fragmentation patterns using the NIST Mass
pectral Search Program 05 (NIST, Washington, DC).
.3. General procedure for the yeast-catalyzed reduction in aqueous monophasic
ystem
In an Erlenmeyer ﬂask (125 mL)  containing citrate/phosphate/borate buffer
olution (30 mL)  adjusted to the desired pH (4S)-(+)-carvone (0.5 mmol) and BY
3  g) were added. The reaction mixture was incubated at 20–50 ◦C with constantistry 48 (2013) 1159–1165
orbital or magnetic stirring. Aliquots were withdrawn at speciﬁed time inter-
vals from the reaction mixture, extracted (as described below), and analyzed by
chiral-GC to evaluate the conversion and diastereoisomeric excess to products. Sub-
strate and product peak areas were compared, and the sum of areas was considered
as  100%. In the chiral-GC analysis, the retention times (in min) for these products
were as follows: (1S,4S)-trans-dihydrocarvone (8.8), (1R,4S)-cis-dihydrocarvone
(9.0), (1R,2R,4S)-iso-dihydrocarveol (9.9). The ﬁnal products were identiﬁed by com-
parison of chiral-GC, GC–MS and 1H NMR  spectra with the standard compounds
prepared and characterized as described in the Supporting information, and also
with  commercially pure samples.
2.4. General procedure for the yeast-catalyzed reduction in aqueous/organic
biphasic system
BY (3 g) was placed in an Erlenmeyer ﬂask (125 mL)  containing 30 mL  of cit-
rate/phosphate/borate buffer solution adjusted to the desired pH, 30 mL  of n-hexane,
and (4S)-(+)-carvone (0.5 mmol). The reaction mixture was incubated at 26 ◦C with
constant orbital shaking or magnetic stirring. Aliquots were withdrawn at speciﬁed
time intervals from the reaction mixture, extracted using the HF-LLLME technique
(as  described in the section below) and analyzed by chiral-GC.
2.5. Microextraction procedure
The tubular porous polypropylene membrane (HF membrane) was cut into seg-
ments of 1.0 cm length; a stainless steel wire with a diameter equal to the inner
diameter of the HF was inserted through the silicone septum of the polypropylene
screw cap of the reaction vial. The segment of the HF membrane was slipped over
the  stainless steel wire, so that only the outer surface and the pores in the walls of
the  HF membrane were available for extraction of the analytes. The HF membrane
ﬁxed  on the stainless steel was then immersed in the extractor solvent (e.g. toluene)
for a few seconds before its use. The screw cap with the wire and the membrane
tube was placed in the vial containing the reaction medium. The whole system was
kept in a thermostatic bath with a magnetic stirrer, making it possible to control the
temperature and agitation during the extraction procedure. After the extraction,
the HF membrane was  removed from the sample and from the stainless steel wire,
and  introduced into an eppendorf containing a very small volume (0.075 mL) of an
appropriate solvent (dichloromethane) for the back extraction step using an ultra-
sound bath. The resulting solution was then analyzed directly by chiral-GC. More
details about this procedure can be found in our previous reported works [18,19].
3. Results and discussion
The main product obtained in the bioreduction of (4S)-
(+)-carvone (1) mediated by commercial baker’s yeast in an
aqueous monophasic system was  (1R,2R,4S)-iso-dihydrocarveol
(3), resulting in the reduction of C C and C O double bonds
with diastereoisomeric excess (d.e.) > 99%, while (1S,4S)-trans-
and (1R,4S)-cis-dihydrocarvones (2) were obtained as secondary
products (Scheme 1). The compounds derived from the biotrans-
formation of 1 were fully characterized by 1H NMR  and GC–MS,
and the identiﬁcation was carried out by comparison with pre-
pared standard compounds (dihydrocarvones) and the commercial
(+)-dihydrocarveol using chiral-GC analysis.
In relation to the main product (3) formed in the bioreduc-
tion of 1, the results presented herein differ from those reported
by Goretti et al. [14] for the asymmetric reduction of the same
compound mediated by 16 yeast strains belonging to 14 species
of 6 genera (e.g. Candida maltosa, Cryptococcus terreus, Pichia amy-
lophila and Saccharomyces spencerorum). In general, independently
of the physical state of the cells (growing, resting, lyophilized,
and/or lyophilized + glucose), the main product obtained was the
(1S,4S)-dihydrocarvone, followed by (1R,4S)-dihydrocarvone and
(1R,2S,4S)- (1S,2S,4S)- and (1S,2R,4S)-dihydrocarveol. Furthermore,
Hirata et al. [22], Shimoda et al. [23] and Kim et al. [24], using
Escherichia coli overexpressing an enone reductase of Nicotiana
tabacum, two  enone reductases of Astasia longa and a Mentha
piperita cell culture, respectively, reported that only traces of
(1R,2R,4S)-dihydrocarveol was obtained.3.1. Microextraction with hollow ﬁber polypropylene membranes
To study the use of baker’s yeast (BY) as a biocatalyst
to obtain (1R,2R,4S)-iso-dihydrocarveol, a liquid–liquid–liquid
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Scheme 1. Baker’s yeast-mediated reduction 
icroextraction with porous hollow ﬁber polypropylene mem-
ranes (HF-LLLME) was tested. The various stages of the extraction
rocedure are described in Section 2.5.
In the ﬁrst step, and in order to verify if the proposed method
f extraction could be used to monitor the bioreduction of (4S)-(+)-
arvone, a calibration curve using different ratios of standards of
ihydrocarveols, dihydrocarvones, and (4S)-(+)-carvone was con-
tructed, to verify whether the product and reagent ratio, obtained
pplying this methodology, was the same as the known ratio
Fig. 1).
The calibration curve equation was Y = 0.49 + 1.02X, R = 0.9989.
ince a linear correlation was found, the proposed method to mon-
tor the formation of compounds during the reactions does indeed
epresent the real concentration ratio in the medium. Further
xperiments using conventional LLE and HF-LLME in one reaction
f 1 with BY on buffer monophasic and on buffer/n-hexane biphasic
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ig. 1. Calibration curve using different ratio of the products mixture dihydrocarve-
ls  and dihydrocarvones and the reagent (4S)-(+)-carvone, using HF-LLLME with
orous polypropylene membranes followed by GC analysis.-(+)-carvone in aqueous monophasic system.
systems, were carried out to conﬁrm the results. Applying the two
methodologies, the percentages of (4S)-(+)-carvone, dihydrocar-
vone and dihydrocarveol recovered after extraction was similar.
The total volume of organic solvent used in a typical LLE was  20 mL
for extraction of reagents and products of the reaction media, and
using HF-LLME only 0.075 mL  was necessary. This result represents
a reduction of over 99.5% in relation to the use of organic solvents,
being an advantage of the microextraction methodology.
The proper solvent choice is an issue of fundamental impor-
tance, and it is usually connected to the reaction medium [20]. In
this study, the use of dichloromethane or chloroform as the sol-
vent extractor was not possible because these compounds have
appreciable water solubility and thus a signiﬁcant amount of the
supported solvent is lost to the medium. A solvent that shows
excellent properties, like low water solubility and high extraction
ratio, is 1-octanol, but in this case its retention time is too close
to the retention times of the products that will be analyzed in this
study. In our assays, toluene was successful employed. A study of
extraction time was realized (5–20 min), and it was observed that
the time and between 10 and 15 min  was sufﬁcient to achieve the
equilibrium between the HF membrane and the chemicals in the
reaction medium; thus the time of 15 min  was used in the subse-
quent experiments. This HF-LLME method can also be employed
in biphasic systems. In this case, the porous membrane does not
need to be previously ﬁlled with solvent because the organic phase
of the chemical reaction will perform this task. This process avoids
the emulsion resulting from two-phase stirring in the presence of
the yeast, and the time required to achieve the equilibrium between
the reaction and the membrane is strongly reduced when compared
with the LLE.
Thus, this methodology was  applied in all of the subsequent
studies. Furthermore, in order to improve the conversion and
diastereoisomeric excess of (1R,2R,4S)-iso-dihydrocarveol, some
experimental parameters were optimized.3.2. Comparison of reaction systems
The reduction of 1 catalyzed by baker’s yeast in an aque-
ous monophasic system of citrate/phosphate/borate buffer and
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Table 1
Baker’s yeast-mediated reduction of (4S)-(+)-carvone in a buffer monophasic system and buffer/n-hexane biphasic system.a
Entry Reaction medium Stirring % of 1 biotransformed % of conversionb (and d.e.b, %)
(1S,4S)-2 (1R,4S)-2 (1R,2R,4S)-3
1 Monophasic Orbital 10.5 1.5 3.0 (33) 6.0 (>99)
2  Biphasic Orbital 0 0 0 0
3  Monophasic Magnetic 9.9 1.6 3.1 (32) 5.2 (>99)
4  Biphasic Magnetic 2.2 0.2 0.3 (20) 1.6 (>99)
a Reaction conditions: Fleischmann BY (3 g); (4S)-(+)-carvone (0.5 mmol); aqueous monophasic system: 30 mL  of citrate/phosphate/borate buffer (0.1 mol L−1, pH 7.5);
b  30 mL
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S/Y  ratio (mg g-1)iphasic system: 30 mL  of citrate/phosphate/borate buffer (0.1 mol  L−1, pH 7.5) and
b Conversion and d.e. determined by chiral-GC.
queous/organic biphasic system formed with the same buffer and
-hexane, at 26 ◦C for 24 h, were compared (Table 1). The selections
f n-hexane to be used as organic solvent and the volumetric per-
entage of the aqueous buffer phase relative to the organic solvent
hase (Vaq/Vorg, %) were based on the biohydrogenation of (2E)-1,3-
iaryl-2-propen-1-ones catalyzed by S. cerevisiae yeasts [11], and
ome other literature data [25].
As can be seen in Table 1, the conversions into products were
igniﬁcantly higher when the buffer monophasic system (Table 1,
ntries 1 and 3) was used, as compared to those obtained in the
uffer/n-hexane biphasic system (Table 1, entries 2 and 4). The
ecrease in the conversion when the biphasic system was used
s probably due to the damage to the cell membranes caused by
he organic solvent. In relation to the stirring, no signiﬁcant dif-
erence in the conversions was observed when the reaction was
arried out with orbital or magnetic stirring for both the monopha-
ic and biphasic systems, and the (1R,2R,4S)-dihydrocarveol (3) was
ound to be the main product (d.e. > 99%). Thus, in the subsequent
xperiments, the buffer monophasic system with orbital stirring
as adopted.
.3. Screening of yeast
In this study, four commercial (Dona Benta, Nordeste, Fleis-
hmann, Brugguemann) and two industrial (CAT-1 and PE-2)
trains of S. cerevisiae yeast were evaluated for their ability to
educe (4S)-(+)-carvone to (1R,2R,4S)-dihydrocarveol. All com-
ercial and industrial yeast strains tested were able to reduce
he (4S)-(+)-carvone to 3 (conv. 1–6.4%), with the exception of
he industrial PE-2 strain where only the dihydrocarvones were
btained with low conversions, being of 1.1%. The highest per-
entages of biotransformed 1 were obtained when the commercial
easts Dona Benta and Nordeste were employed, although with
hese two yeasts the main product formed was (1R,4S)-2, with val-
es of 8.2 and 10.8%, respectively, with a d.e. of 61%. When Dona
enta baker’s yeast was used, 3 was obtained in the highest con-
ersion (6.4%, with d.e. > 99%). With the industrial yeast CAT-1 the
ain product formed was also (1R,4S)-2, and the dihydrocarveol
 was obtained with minor conversions (1.0%). In all experiments
he (1R,2R,4S)-dihydrocarveol was obtained with a d.e. > 99%. As the
urpose of this study was to obtain the (1R,2R,4S)-dihydrocarveol
n good conversions and with excellent d.e., the commercial Dona
enta baker’s yeast was selected for the subsequent experiments.
.4. Effect of substrate/yeast ratio and yeast concentration
The performance of baker’s yeast as a biocatalyst may  be
educed due to a high substrate concentration, which can lead to
he inhibition of different enzymes present in the cells. Further-
ore, some compounds are toxic to most living cells [26,27]. Thus,
n order to verify the effects of the substrate/yeast (S/Y) mass ratio
nd yeast concentrations on the conversion to 3 (Fig. 2). of n-hexane; 26 ◦C; 24 h; magnetic stirring (500 rpm); orbital stirring (150 rpm)
Previous results showed that the yeast concentration
(80–160 g L−1) does not affect signiﬁcantly the conversion to
3 (∼5%). However, as presented in Fig. 2 the relationship between
the substrate and yeast mass ratio has a strong effect on the con-
version to 3, resulting in higher values as this S/Y ratio decreases.
These data indicate that, in general, the decrease observed in the
conversion to 3 was due to an increase in the substrate concentra-
tion in the reaction media. Ou et al. [2] described a similar effect
on the asymmetric reduction of oxcarbazepine with S. cerevisiae
CGMCC No. 2266, where the conversion increased gradually
with reaction time and decreased as the initial concentration of
substrate increased, while the e.e. of S-licarbazepine (100%) was
unaffected.
From these results the S/Y mass ratio of 8.0 mg  g−1 and a yeast
concentration of 100.0 g L−1 were employed for subsequent exper-
iments, where the dihydrocarveol (1R,2R,4S)-3 was obtained with
12.6% of conversion and d.e. > 99%. The dihydrocarvones (1S,4S)-2
and (1R,4S)-2 were also obtained in conversions of 2.1 and 6.5%,
respectively, the d.e. for (1R,4S)-2 being 51% (data not shown).
3.5. Effect of reaction temperature and time
In general, an increase in temperature in a yeast-catalyzed
process increases the reaction rate because a higher tempera-Fig. 2. Effect of substrate/yeast (S/Y) mass ratio in the baker’s yeast-mediated
reduction of (4S)-(+)-carvone in buffer monophasic system. [Reaction con-
ditions:  Dona Benta BY (3 g); (4S)-(+)-carvone (0.2–0.8 mmol); 20–40 mL of
citrate/phosphate/borate buffer (0.1 mol  L−1, pH 7.5); 26 ◦C; 24 h; orbital stirring
(150 rpm).]
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have the potential to improve the activity by increasing the disso-uffer (0.1 mol  L−1, pH 7.5); 20–45 ◦C; 24 (), 48 () and 72 h (); orbital stirring
150 rpm).]
tereoselectivity [28,29]. Thus, the inﬂuence of reaction tempera-
ure and its correlation with reaction time on the yeast-catalyzed
eduction of 1 in a buffer monophasic system was  evaluated. In this
tudy, the reaction temperature and time ranged from 20 to 50 ◦C
nd 24 to 72 h, respectively (Fig. 3).
Fig. 3 shows that both variables, reaction time and temperature,
ad a signiﬁcant effect on the conversion to 3. An increase in both
emperature and reaction time caused a clear rise in the conversion
o product at between 35 and 40 ◦C. Further increases in the tem-
erature led to a notable drop in the conversions, and at 45 ◦C the
roduct 3 was obtained at only 50% (∼24%) of the optimum con-
ersion. At 50 ◦C, no product was detected (data not shown). The
bserved decrease in the conversions as the temperature increased
an be attributed to the greater loss of catalytic activity due to
he deactivation of the enzymes present in BY. The highest con-
ersions into product 3 (∼52%) were achieved at between 35 and
0 ◦C. In this temperature range the conversion to 3 remained
onstant after 50 h of reaction. At lower temperatures, for exam-
le, 20 ◦C, a gradual increase in the conversion to 3 was  observed
s the reaction time increased. At this temperature, the equilib-
ium was not reached even at 72 h, forming 3 at a conversion of
30%.
It is important to emphasize that the temperature had a great
nﬂuence on the production of dihydrocarveol 3, and was obtained
s the main product with conversions ranging from 2.5 to 52.7%
nd with d.e. > 99%. The dihydrocarvones (1S,4S)-2 and (1R,4S)-2
ere formed in low conversions of 1.8–16.0 and 1.9–8.0%, respec-
ively. The (1R,4S)-dihydrocarvone was always obtained in larger
mounts than (1S,4S)-dihydrocarvone, but when temperatures
f 45 and 50 ◦C were employed the (1S,4S)-2 was obtained in
igher conversions and with d.e. ranging from 29 to 67% (data
ot shown). These results suggested that an increase in the tem-
erature also inﬂuenced the stereoselectivity of the biocatalytic
eduction. Similar results were obtained by Meitian et al. [30] in
he asymmetric synthesis of (2S,5S)-2,5-hexanediol catalyzed by
aker’s yeast number 6 in an aqueous monophasic system. The
ighest yield (78.7%) was achieved at 40 ◦C. However, at this tem-
erature a slight decrease in the e.e. value (from 95.7 to ∼90%) was
bserved.
Based on the conversions to 3 and the d.e. values, a temperature
f 40 ◦C was chosen for the subsequent experiments.Dona Benta BY (3 g); (4S)-(+)-carvone (0.2 mmol); 30 mL of citrate/phosphate/borate
buffer (0.01 (), 0.05 () and 0.1 mol  L−1 (), pH 3.5–11.5); 40 ◦C; 48 h; orbital
stirring (150 rpm).]
3.6. Effect of pH
The pH is commonly an important factor to be optimized in
reduction catalyzed by yeasts, because a variation in this value may
alter the ionic state of the substrate, products and enzymes involved
in this reaction [31]. Generally, buffer solutions are used to adjust
and maintain the control over the pH during the reaction. Thus,
the effect of pH and buffer concentration on the yeast-mediated
reduction of (4S)-(+)-carvone in a buffer monophasic system was
investigated. The pH was varied within the range of 3.5–11.5 and
the buffer concentration from 0.01 to 0.1 mol L−1 (Fig. 4). Buffer
concentrations lower than 0.001 mol  L−1 cannot maintain the pH
during the reaction. Thus, the buffer solutions have to be used in
concentrations of 0.01 mol  L−1 or higher, to be effective.
As can be observed in Fig. 4, the conversions to 3 were strongly
inﬂuenced by the pH, however, no signiﬁcant effect on the buffer
concentrations was observed. The highest value (52.7% with d.e.
of >99%), was observed under neutral pH conditions (pH values
between 7.0 and 7.5). Lower or higher pH caused a drop in the con-
version to 3. Furthermore, an increase in the formation of (1S,4S)-2
from 4.1 to 15.7% (d.e. 2–52%) was also observed, especially under
basic conditions (pH > 9.5) (data not shown). Similar results in
relation to the optimum pH were reported for the asymmetric
reduction of (4R)-(−)-carvone and the prochiral acyl silane medi-
ated by S. cerevisiae yeast, values being in the range of pH 7.0–8.0
[15,31].
Thus, considering the above results, the pH value and the buffer
concentration were ﬁxed at 7.5 and 0.1 mol  L−1, respectively, for
the subsequent studies on the addition of additives.
3.7. Effect of additives
It is well known that several additives can signiﬁcantly inﬂu-
ence the conversion and selectivity of yeast-mediated reactions
[10]. While some alcohols or sugars (e.g. glucose) can act as elec-
tron donors for recycling the cofactors throughout the metabolism
[32,33], the disaccharide trehalose can also act as a protector for
the cell membrane and other structures against destabilization due
to stress or denaturation agents [34]. Ionic liquids and co-solventslution of poorly soluble substrates or products [35,36]. Thus, after
optimizing some experimental parameters, three additives, DMSO,
trehalose and the ionic liquid [BMIm][PF6], and their mixtures were
1164 V.D. Silva et al. / Process Biochem
Fig. 5. Effect of the addition of additives, using a triangular mixture surface, on the
baker’s yeast-mediated reduction of (4S)-(+)-carvone in buffer monophasic system.
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[Reaction conditions: Dona Benta BY (3 g); (4S)-(+)-carvone (0.2 mmol); 27 mL  of cit-
ate/phosphate/borate buffer (0.1 mol  L−1, pH 7.5); 3 mL  of additives; 40 ◦C; 48 h;
rbital stirring (150 rpm).]
tudied using a triangular surface. The choice of these additives
as based on previous results for the asymmetric reduction of
4R)-(−)-carvone mediated by baker’s yeast in aqueous monopha-
ic system where good conversions and excellent d.e. values for
1R,4R)-dihydrocarvone were obtained [15]. The results are shown
n Fig. 5.
Fig. 5 shows that the use of the ionic liquid [BMIm][PF6], in
ifferent mixtures, led to low conversions to 3, these being of
.6–14.0%. Although several studies have demonstrated that a
iphasic ionic liquid/water system can improve whole-cell bio-
ransformations signiﬁcantly in comparison to biocatalysis with
rganic solvents or with those performed in pure aqueous systems
27,37], this feature was not observed in this study. It is proba-
ly that, due to the formation of two phases, the reagent may  be
xtracted to the IL phase and thus the interaction with the biocata-
yst will not be favorable [35]. Using trehalose or DMSO, in various
ompositions, the product 3 was obtained in higher conversions
14.0–50.4%) compared with the IL mixtures. These additives may
ave acted as a hydride source to regenerate NAD(P)H. Moreover, a
ulfur compound, such as DMSO, may  interact with the active site
f baker’s yeast enzymes, changing the cavity of reductase [38].
omparing the results for the conversion to 3 using the additives
4.6–50.4% with d.e. > 99%) and without the use of additives (max-
mum of 52.7% with d.e. > 99%), it was possible conclude that the
dditives had no particular effect on the bioreduction of 1. It is
orth of mentioning that in the presence or absence of the addi-
ives, product 3 was obtained with d.e. > 99%, demonstrating the
igh selectivity of this biocatalytic process.
To ﬁnalize, it is worth of mentioning that the preparation
f (1R,2R,4S)-dihydrocarveol from the bioreduction of (4S)-(+)-
arvone catalyzed by baker yeasts is reported for the ﬁrst time.
. Conclusions
The reduction of (4S)-(+)-carvone mediated by yeasts in aqueous
onophasic system proved to be a good and efﬁcient method-
logy for the preparation of (1R,2R,4S)-dihydrocarveol with good
onversions and excellent d.e. The temperature and pH were the
ain factors which inﬂuenced the conversion into 3. After the opti-
ization of experimental conditions (1R,2R,4S)-dihydrocarveol
as obtained as the main product with conversion of 52.7%
nd d.e. > 99%. The HF-LLLME methodology, proved to be highly
[istry 48 (2013) 1159–1165
efﬁcient, requires only a small amount of organic solvent, is easy to
handle and can be carried out in short reaction times, these being
other interesting advantages.
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